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Abstract  
Transient pulse method (TPM) originally introduced by Brace et al. is a theoretically well-established and widely 
used method. The advantages and limitations of this method for rock permeability measurement are discussed. The 
modified storage-adjustable TPM can develop the advantages and bypass the limitations so as to measure rock 
permeability in a large-scale range. The approximate solution is the preferred mathematic method because of the ease 
of data deduction. However, the systematic error associated with the approximate solution is involved with the 
limited situations of parameters ȕ and Ȗ. The design criteria are presented for optimizing the experimental 
configuration for a desired measuring precision and duration as well as ease of data deduction. Therefore, well 
application of the advanced storage-adjustable TPM can be prospected.  
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1.Introduction 
The permeability of natural or artificial geologic materials varies in a large-scale range over 10 orders 
of magnitude[1], of which the phenomenon is relevant to numerous geologic processes, such as 
physical[2], chemical[3], thermal and/or biological actions[4], etc. The evolution rules and trends of 
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permeability of such materials are so fundamental importance that an effective and fast measurement 
method is urgently needed. And it is helpful for the successful design and/or assessment of facilities 
associated with many kinds of underground exploitation, such as fluid production in tight oil-gas fields[5], 
underground disposal of radioactive nuclear wastes[6], and underground storage of greenhouse gases[7], 
etc. As we all know that, permeability (varied sharply) cannot be effectively measured by conventional 
laboratory methods (steady-state methods). 
The transient pulse method (TPM) using unsteady-state method is widely used now. With the property 
of conducting permeability much more rapidly, this approach for low permeable materials was developed. 
Furthermore, the unsteady-state approach reduces the experimental error associated with leakage or 
temperature fluctuation. What is more, pressure is allowed to be measured with a higher degree of 
resolution and accuracy than flow rate. However, permeability is evaluated based on time-dependent 
pressure decay not flow rate (which is used in conventional method).  
The purpose of this paper is to discuss the advantages and limitations of TPM described by Brace et 
al.[8] and coworkers. Aim to avoid the limitations and promote the advantages, the modified storage-
adjustable TPM developed by Li et al.[9] has been used to measure rock permeability in a large-scale 
range. The approximate solution proposed by Brace et al. also is the preferred mathematic solution 
because of the ease of data deduction. However, the systematic error associated with the simplified 
calculation edition is dependent on the limited situations of parameters ȕ and Ȗ. Criteria are presented for 
designing an experimental configuration to take advantages of the convenience of the measurement 
scheme of TPM. Criteria for preventing the limitations and decreasing the systematic error for a large 
range permeability measurement are also presented. As a result, well application of the advanced storage-
adjustable TPM can be prospected. 
2.Theory Development 
Brace et al.[8] originally introduced the TPM to measure the permeability of Westerly Granite. In their 
procedure, a small pore pressure transient pulse is applied to one end of a rock sample and the pressure vs. 
time behavior is observed as the pore fluid moves through the sample from one reservoir to another 
(shown in Fig.1). A mathematic model of TPM according to their procedure was presented by Lin[10] 
and Trimmer et al.[11]. The numerical model and the initial-boundary condition problem can be specified 
as follows:  
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Fig. 1 Schematic diagram of transient pulse method  
Note the pressure changes vs. time in the upstream and downstream reservoirs 
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where: P is the pore pressure in the sample; Pu and Pd are the pressure in the upstream and downstream 
reservoir, respectively; x is the distance along the sample; x=0 is the upstream face, and x=L is the 
downstream face of the sample; Pi is the instantaneous increase in pore pressure at the upstream reservoir 
at t=0; Su is the compressive storage of the upstream reservoir, it is defined as the change in volume of 
fluid in the upstream reservoir per unit change in pressure in the reservoir; Sd is the compressive storage 
of the downstream reservoir, it is defined in a similar manner as Su; A is the cross-sectional area of the 
sample; L is the length of the sample; k is the intrinsic permeability of the sample; 
  seffws CnCnCS  1 is the specific storage of the sample, Ceff is the effective of bulk compressibility 
of the sample, Cs is the compressibility of the minerals in the sample, n is the porosity of the sample, Cw 
is the compressibility of the fluid.  
All the sample and fluid material properties involved in (1)~(8) have be known as constant values that 
the only unknown parameter, k, can be obtained according to the observed pressure decay vs. time curve.  
Many advances in mathematic analysis have been made in the long-term study of TPM for rock 
permeability calculation. The approximate, numerical, analytical, graphic and back-analytical solutions 
are the existing mathematic methods. Brace et al.[8] proposed the approximate solution in their 
experimental procedure. The approximate solution assumes that the specific storage of the sample Ss is 
negligible. This assumption yields linear pressure distribution along the sample in the flow direction at 
anytime. As a result, (1) can be simplified to two-segment finite difference equations to calculate 
permeability very easily.  
By means of numerical solutions, Lin[10], Trimmer[11] and Yamada[12] have shown that the 
simplified solution can lead to a significant error. Lin[10] generated pressure vs. time curves for both the 
upstream and downstream reservoirs. The analysis of numerical solution assumes that the specific storage 
of the sample Ss has been known. To determine the specific storage, it is necessary to independently 
measure the porosity and bulk compressibility of the sample. The numerical solution, however, is 
inconvenient to use and requires considerable computer programming time.  
After then, Hsieh et al.[13] established an analytical solution, in which the effect of Ss is explicitly 
included. They gave the solutions for dimensionless pressure in the upstream reservoir, Pu/Pi, and 
downstream reservoir, Pd/Pi. The solutions contain a dimensionless variable, Į (dimensionless time) and 
two dimensionless parameters, ȕ (the ratio of the compressive storage of the sample to those of the 
upstream reservoir) and Ȗ (the ratio of the compressive storage of the downstream reservoir to those of 
the upstream reservoir), which are shown as follows: 
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Neuzil et al.[14] proposed the companion graphical method. It is clearly that the numerical solution 
and graphic solution are complicated to obtain k and Ss, furthermore, inevitable of inducing human error. 
The back-analytical solution developed by Zhang et al.[15] is more convenient than graphic solution, 
and eliminates the randomicity error. However, a problem of misconvergence is inevitable in this method 
that an unique set of data cannot be distinguished out. As a result, most of experts and scholars are prone 
to use the approximate solution for the ease of data deduction. 
Compared to the exact solution based on graphic method[16], it requires two situations for the validity 
of approximate solution: (1) when the parameter ȕ is regarded as 0, which means Ssĺ0; (2) when the 
parameter ȕ can not be regarded as 0, but the parameter Ȗ=1 can the systematic error be minimum. 
Subsequently, under the situation of Ȗ=1, only together with ȕ <0.2 can the systematic error be less than 
5%. Therefore, only when ȕ for the experimental configuration is very small can make the approximate 
solution be valid and accepted. According to the definition of the parameter ȕ, it may be adjusted by 
reducing the sample size or increasing the reservoir size. To a fixed experimental apparatus, the sample 
size may prohibit adjusting freely to reach an appropriate ȕ, then the technique of storage-adjustable TPM 
developed by Li et al[9]. has be used. 
In the storage-adjustable TPM, an approximate solution can be used with the conditions of two 
parameters, ȕ and Ȗ, that: for meeting the situation of parameter Ȗ=1, the upstream and downstream 
structures are designed to be symmetrical; for satisfying the situation of parameter ȕ <0.2, the upstream 
and downstream reservoirs are designed to be adjustable in a large range so as to obtain an appropriate 
ratio of sample compressive storage to reservoir compressive storage. So the Brace et al.'s assumption of 
no compressive storage in the rock sample and a linear pressure gradient at all times have been induced to 
simplify (1) to a predicted exponential pressure decay of ǻP vs. time in the differential pressure between 
the upstream reservoir and downstream reservoir as follows: 
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And the essential two basic requirements are specified as follows: 
[   seffw CnCnC  1 ] AL / Su < 0.2                                                                    (14) 
Su = Sd                                                                                                                                              (15) 
where: ǻP(t) is the differential pressure between the upstream reservoir and downstream reservoir in real 
time. 
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In the permeability experiments by using storage-adjustable TPM, Su (or Sd), should be adjusted for 
each given sample, subsequently, must be determined experimentally. In addition, in the experimental 
procedure of storage-adjustable TPM, the passing time t50, which means the half decay time also 
determined experimentally, has been regarded as the testing duration time t as well as the left part of (12) 
becomes 0.5 and the right part of (12) becomes 50te T . Therefore, the (12) can be rewritten in semi-log 
type as: 
50
2ln
t
 T                                                                                                                            (16) 
In general, Su (or Sd) and t50 are known as constant values for each testing. As a result, (16) should 
be taken into (13) and moreover with the collaboration of (15) can the (13) become a simplified 
calculation edition, which is shown as follow: 
50
3466.0
t
S
A
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In the experimental arrangement of storage-adjustable TPM designed by Li et al.[9], the sample size is 
ĭ50×100mm, the fluid media is water. i.e., the water viscosity, the sample sectional-area and length 
known as constant values are taken into (17) so that the permeability calculation formula for the 
permeability experiments can be further simplified as: 
50
17.68 u
S
k
t
                                                                                                               (18) 
Where, the unit of k in (18) is D (Darcy, 1D = 1ȝm2 § 1×10-3cm/s for hydraulic conductivity) if the 
unit of Su is mm3/Pa and the unit of t50 is s. Then the parameters Su and t50 can be determined 
experimentally so well as the permeability k can be calculated conveniently. 
3.Experimental Technique 
Based on the traditional TPM mentioned above, the modified storage-adjustable TPM has been 
developed in this paper. Common to the traditional TPM, the modified storage-adjustable TPM does 
likewise experimental procedures. To be different from the traditional one, the adjustable storage for the 
modified one means that the compressive storage of the upstream, Su, or downstream, Sd, can be regulated 
in a designed range. Referred to Su (or Sd), it is important to note that the Su (or Sd) is the sum of two 
effects: the compressibility of the fluid in the reservoir and the deformation of the reservoir, which 
includes all the associated tubes and valves, and can be written as follows: 
Su = Cw Vu                                                                                                                     (19) 
Sd = Cw Vd                                                                                                                 (20) 
where: Vu and Vd are the volumes of the upstream and downstream reservoirs, respectively, including the 
associated tubes and valves. From the above study, only one or both of Cw and Vu (or Vd) is capable of 
regulating freely can a storage-adjustable reservoir be obtained. 
The traditional TPM uses a single fluid medium (such as water or argon, of which the compressibility 
is well known as a constant value Cw under any a certain temperature and pressure condition) and a 
volume-fixed reservoir Vu (or Vd) to form the compressive storage within a constant value. So the Su (or 
Sd) isn’t adjustable so as not to meet the situation of parameter ȕ. The modified storage-adjustable TPM 
developed by Li et al. uses two different fluid media (such as water and nitrogen, of which the 
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compressibility is well regulated by adjusting the volume ratio of water to gas) to form the adjustable 
compressive storage as a result of reaching an appropriate ȕ. But there is a shortcoming within Li et al.'s 
storage-adjustable reservoir that: (1) the compressive storage cannot be adjusted conveniently that high 
requirements have to be set for assembling the reservoir, controlling the volume ratio of water to gas, and 
monitoring the compressive storage, etc. (2) the experimental configuration is quite complicated, because 
two different fluid (water and gas) have to be imposed into one reservoir from two different media 
sources. (3) the experimental procedures are very intricate, because the compressive storage for 
permeability test has to be determined experimentally every time. The authors suggest an advanced 
storage-adjustable reservoir using one single fluid medium (liquid or gas) as traditional idea, and one 
single reservoir with adjustable volume (e.g. during a range of 1~1000mL). In this design, three advances 
compared to the previous storage-adjustable TPM should be noted that: (1) the compressive storage can 
be adjusted smoothly for the reason of well-developed syringe pump technique, which has been used in 
the advanced volume-adjustable reservoir. (2) because of the simplicity in experimental arrangement by 
using one single fluid medium, the stability, reliability and flexibility of the permeability tests can be 
expected. (3) only several classic points of Su paralleled with Vu are necessary to be plotted 
experimentally, then each Su can be determined from the linear relationship curve of Su vs. Vu. The 
compressive storage of downstream Sd can be determined in a same manner of Su. 
It is obviously that the measuring range of storage-adjustable TPM is depended on the two parameters, 
Su and t50, from (18). The regulatory range of the compressive storage of the upstream, Su, is an intrinsic 
characteristic of the upstream reservoir, which can be designed. e.g., the volume of the upstream reservoir 
is designed to be varied from 1mL to 1000mL by moving a piston along the hollow cylindrical chamber 
in reservoir. The compressive storage varies in a range of about (0.01~10)×10-3mm3/Pa. But the passing 
time t50 required for a permeability measurement must also be considered. To our experimental 
experience, the time t50 required for the differential pressure across the sample decayed to 50% of its 
initial value should not be less than 10sec, for the reason that the transient pulse due to temperature 
changes or operation intervals will be disappeared in 10sec. On the contrast, t50 must be not too long for 
the following reasons that: (1) obviously, it will be going again the specialty of rapid measuring; (2) 
essentially, it will take error effects by other changes in pressure due to causes of temperature changes or 
leaks beginning to predominate. But even to now, what remains unknown theoretically is that how long 
t50 is adequate for TPM. Brace et al.'s study suggested 20sec~30min. Trimmer's numerical study 
suggested 4min~100h[16]. Li et al.'s study suggested about 10s~2.5h [17]. The authors suggest the 
testing duration should be determined experimentally in terms of application requirements. e.g., the range 
of time duration t50 of 10~104s is required for the general testing application under the error condition of 
less than 5%. In this case, the permeability measuring range of about 10nD~10mD (1nD=10-9D, 
1mD=10-3D) can be confirmed under the conditions of minimum Su with maximum t50, and maximum Su 
with minimum t50. 
4.Discussion and Conclusion 
In designing permeability experiments based on the advanced storage-adjustable TPM, several 
necessary design criteria are discussed below: 
(1)For the aim to get the ease of data deduction to calculate permeability, and to eliminate the 
systematic error (error<5%) by using the simplified formula (18), two situations must be satisfied: one 
related to the ratio of the sample compressive storage to the upstream reservoir is 2.0/  us SALSE ; 
the other related to the ratio of the upstream reservoir compressive storage to the downstream reservoir is 
1/   du SSJ . The two situations specified in the design criteria for experimental configuration are that 
the volume of the upstream reservoir must be far larger than those of the sample, and the upstream and 
downstream structures of the apparatus must be the same. 
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(2)For the aim to get a large range of permeability measurement to prospect the application, and to 
promote the traditional TPM by using a simple apparatus, two criteria concerned to compressive storage 
of the upstream reservoir and the testing duration should be noted: one referred to an advanced volume-
adjustable reservoir within one single fluid medium is that the general volume regulated range of 
1~1000mL as well as the compressive storage regulated range of about 0.01~10mm3/Pa is suggested; the 
other referred to an appropriate testing duration with a reasonable systematic error 5% is that the general 
duration of 10~104s is suggested. 
However, the measuring range of permeability for an experimental configuration by using storage-
adjustable TPM should be determined experimentally. 
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